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Sodium taurocholate increases hydraulic conductivity in rabbit
collecting tubule
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Sodium taurocholate increases hydraulic conductivity in rabbit cortical
collecting tubule. Abnormalities in renal tubular function occur com-
monly in the setting of hyperbilirubinemia. In the present studies, the
possibility that the bile salt sodium taurocholate exerts a direct effect on
renal epithelial transport was investigated in vitro. We found that
addition of sodium taurocholate to fluid bathing perfused rabbit cortical
collecting tubules increases hydraulic conductivity (Lp) in a manner
similar in time course and significantly less in magnitude to that
observed with maximal concentrations of arginine vasopressin. Sodium
taurocholate reversibly potentiates rabbit cortical collecting tubular Lp
stimulated by maximal concentrations of arginine vasopressin and a
nonhydrolyzable cyclic AMP analogue. We also found that sodium
taurocholate induces a dose-dependent leak from tubular lumen to
bathing fluid of a small molecular weight substance ('251-iothalamate).
Our studies suggest that sodium taurocholate increases rabbit cortical
collecting tubular Lp by a cyclic AMP independent mechanism.
Several disturbances of renal tubular function occur in clini-
cal and laboratory settings of liver disease [1], These distur-
bances include sodium and acid retention and impaired urinary
concentration and dilution [2, 3]. A potential mechanism where-
by liver disease results in abnormal renal tubular function is
through the effects of retained products of normal biliary
excretion. In this regard, ligation of the bile duct [4, 5], infusion
of bile [6, 7] and creation of a biliary-caval fistula [1, 8] all exert
significant influences on renal tubular function in intact animals.
Moreover, bile salts, integral components of normal bile, are
capable of influencing salt and water transport in hepatocyte,
gastric, biliary tract, jejunal and pancreatic ductal epithelium
[9—15]. Despite these observations, there is limited information
of the effect of bile salts on renal epithelial transport function
[16].
One aspect of abnormal renal tubular function found com-
monly in the setting of liver disease is decreased renal water
excretion and conservation [2, 3]. The mechanisms of these
defects remain debated [2, 3]. The present in vitro studies were
undertaken to determine if the bile salt sodium taurocholate
exerts a direct effect on renal tubular, epithelial cell water
transport. In these studies we examine the effect of sodium
taurocholate on basal and arginine vasopressin (AVP)-stimula-
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ted hydraulic conductivity in rabbit cortical collecting tubules
(CCT) perfused in vitro.
Methods
Tubule perfusion
Isolation and perfusion of cortical collecting tubules were
carried out by methods that have been described in detail
[17—19]. New Zealand white rabbits weighing I to 2 kg were
maintained on rabbit chow (Purina, St. Louis, Missouri, USA)
and water ad libitum. The animals were killed by cervical
dislocation, and the left kidney was removed quickly. One to
two millimeter slices were cut along the corticomedullary axis
and placed in a glass dish in a solution of(in mM): 115 NaCl, 1.2
MgSO4, 1.0 CaCI2, 5.0 KCI, 10 sodium acetate, 1.2 NaH2PO4,
25 NaHCO3, and 5.5 dextrose with 5% bovine serum albumin.
This solution was maintained at 17°C and pH 7.40 during
dissection. The cortex was separated from the outer medulla
and cortical collecting tubules dissected from medullary rays.
Tubules were taken distal to the last branch. Tubules were
transferred to a lucite perfusion chamber (volume —2.0 ml) set
on the stage of an inverted phase-contrast microscope (Olym-
pus, model CK, Tokyo, Japan).
Tubules were perfused within 30 minutes of kidney removal
by an array of concentric glass pipettes described previously
[17—19]. Bath fluid of pH 7.40 and temperature of 25°C was
completely changed every 3 to 4 minutes [201. Special care was
taken to maintain constant collection rates by slight adjust-
ments in hydrostatic pressure of the fluid entering the fluid
exchange pipette. Mean perfusion rates were 8.5 0.2, 8.7
0.2, and 9.0 0.4 nI/mm for protocols 1, 2 and 3, respectively.
Perfusion fluid contained a sufficient amount (20 Ci/ml) of
'4C-inulin (New England Nuclear, Boston, Massachusetts, USA)
to result in collected fluid cpm several fold above background,
which were usually 20 to 40 cpm. The 4C-inulin was dissolved
in perfusion solution and passed through a 0.22 tm filter
immediately prior to use. The tubule was visually inspected at
one to three minute intervals throughout the study. Tubular
length was measured at the conclusion of each study with a
calibrated microscope eyepiece reticle.
Collected samples were obtained and placed under water-
equilibrated mineral oil on the bottom of a siliconized dish.
Seventy nanoliter aliquots of these samples were taken for
scintillation counting (10 mm per sample; Packard Tricarb
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460C). Perfusion rate was calculated by the rate of appearance
of the impermeant marker '4C-inulin in the collection pipette
according to the equation:
['4C]cperfusion rate = x collection rate
['4C]p
where ['4C]c is cpm of collected fluid and ['4C]p is cpm of
perfusate. Collection rate was measured directly with a cali-
brated volumetric pipette and stopwatch.
Hydraulic conductivity was calculated from the formula [21]:
VoCo ICo — CL 1 (CL — Cb) CoLp= I +—ln
RTA L COCLCb (Cb)2 (Co — Cb) CL
where Lp is in cm sec atm x l0, Vo is the perfusion
rate in cm3/sec; Co, C1, and Cb are the osmotic concentrations
of perfusate, collected fluid, and bathing medium, respectively;
R is the gas constant, T is the absolute temperature, and A is the
surface area (calculated from the length of the tubule and an
assumed internal diameter of 20 gm). In all studies, collected
fluid osmolality was calculated from the measured perfusate
osmolality and the relative increase in the concentration of the
'4C-inulin volume marker measured in the collected fluid.
The following protocols were performed:
Effect of taurocholate on basal Lp (protocol I).
In these studies, the effect of addition of sodium taurocholate
to bathing fluid on basal Lp was measured. Six tubules were
allowed to equilibrate at 25°C for three hours in bathing fluid
(115 NaCI, 1.2 MgSO4, 1.0 CaCl2, 5.0 KCI, 10.0 sodium acetate,
1.2 Na2 P04, 25.0 NaHCO3 and 5.5 dextrose, all in mM; mean
osmolality 295 3 m0sm/kg H20). Tubules were perfused with
a similar solution except that NaCI was reduced to 50 m (mean
osmolality 179 2 m0sm/kg H20). Four collections (7 to 12
mm) for measurement of basal Lp were obtained. Sodium
taurocholate (10-s M) was then added to bathing fluid and an
additional three to four collections obtained. Subsequently,
another three to four collections were obtained serially follow-
ing addition of l0— and then of IO M sodium taurocholate to
the bathing fluid. These studies allow measurement of Lp in the
same tubules exposed to three concentrations of sodium tauro-
cholate. The mean values for the three to four Lp values
obtained sequentially following each concentration of taurocho-
late were compared by analysis of variance.
Next, the time course of Lp response to taurocholate was
measured (protocol 2). In these studies, three groups of tubules
were used. All tubules were allowed to equilibrate at 25°C for
three hours. Three to four collections for basal Lp were then
obtained. Subsequently either nothing (time control, N = 5),
arginine vasopressin (50 tU/ml, N = 6) or sodium taurocholate
(I0- M, N = 5) was added to bathing fluid and another 8 to 12
sequential collections for Lp measurement obtained. The Lp
values obtained before and after addition of agents to the
bathing fluid were compared using a paired t-test. Again the Lp
values obtained in different groups of tubules were compared
using an analysis of variance.
Effect of taurocholate on arginine vasopressin- and 8-
fp-chlorophenylthioJ-cyclic 3 'S'-adenosine inonophosphate
(CIPheScAMP)-stimulated Lp (protocol 3).
In these studies, tubules were equilibrated at 25°C for three
hours. Three to four collections for basal Lp were obtained.
Then, either AVP (50 U/ml, N = 5) or CIPheScAMP (10-a M,
N = 4) was added to bathing fluid. These concentrations of
AVP and CIPheScAMP are supramaximal with regard to stim-
ulating Lp under the conditions of the present studies. After 30
minute equilibration, four collections for measurement of Lp
were obtained. After these collections were made, iO M
sodium taurocholate was added to the bathing fluid containing
either AVP or CIPheScAMP and an additional four collections
obtained. After these collections were obtained, sodium
taurocholate was removed from the bathing fluid and a final four
collections obtained in these presence of either AVP or
CIPheScAMP alone. The mean values for the four Lp determi-
nations before, during and following taurocholate exposure
were compared by analysis of variance. We have recently
published time control studies which sequentially measured
either AVP- or CIPheScAMP-stimulated Lp in the absence of
additions to the bathing fluid [191. These studies demonstrate
sustained stable increases in AVP (50 /LU/ml) and CIPheScAMP
(l0- M) stimulated Lp under the same conditions used in the
present studies, validating the use of each tubule as its own
control and validating paired analysis of the data in this section
[19].
Effect of taurocholate on the solute permeability of the rabbit
CCT epithelial membrane (protocol 4).
One of the ways that sodium taurocholate can affect electro-
lyte and water flow in other epithelia is by disrupting intercel-
lular tight junctions [10, 11, 13, 221. The present perfused CCT
experiments tested the integrity of the epithelial membrane to
solutes by measuring the rates of leakage of 14C-inulin (molec-
ular weight —5,000) and '251-iothalamate (molecular weight
—613) out of the perfusate and into the bathing fluid. Use of
these two markers allowed us to examine the tightness of the
epithelial membrane to relatively large (inulin) and relatively
small molecules (iothalamate). The actual calculations for leak
were made using the following equation:
% leak =
total counts in bath/mm
total counts perfused/mm
x 100
Leak rate of '4C-inulin was monitored in all studies in
protocols 1, 2 and 3. Leak rate of '251-iothalamate was measured
before and following addition of l0— (N = 3) and l0- M (N =
3) sodium taurocholate to the bathing fluid. To detect leak rates,
relatively large volumes (2 ml) of bathing fluid were monitored
for cpm.
Results
The effect of adding varying concentrations of sodium
taurocholate to bathing fluid on Lp are in Figure 1. Basal Lp (14
4 cm/atm sec x l0) was not effected by l0 M
taurocholate. At l0- M, taurocholate resulted in a doubling of
Lp measured after l0- M taurocholate. At l0- M, sodium
taurocholate results in a consistent, significant, sustained in-
crease in Lp. The time course of Lp response to 1O M
taurocholate is in Figure 2. Both taurocholate and AVP signif-
icantly (P <0.01) increased Lp. The time course of Lp response
to taurocholate and AVP did not differ. The magnitude of the
Lp response to taurocholate was about half of the maximal AVP
response. The effect of taurocholate to increase Lp was not
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Taurocholate, M
Fig. 1. Effect of io— through io- M sodium taurocholate added to
bathing fluid on rabbit CCT basalLp. Each bar represents the mean
SEM of6 tubules.
Fig. 3. Hydraulic conductivity response 10 10 Msodium taurocholate
in either vasopressin- (solid circles and lines) or CIPheScAMP- (open
circles, broken lines) stimulated rabbit CCT. The first and last points of
each line represent either vasopressin or CIPheScAMP stimulated Lp,
while the middle point represents Lp obtained with addition of sodium
taurocholate to either vasopressin- or CIPheScAMP-treated CCT.
Time, mm
Fig. 2. Time course of rabbit CCT Lp response to addition of vaso-
pressin (A, 50 p.U/ml), sodium taurocholate (•, I0 M,)or nothing (0,
control) to bathing fluid.
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AVP- and C1PheScAMP-stimulated Lp was reversible upon
removal of taurocholate.
We next examined the effect of sodium taurocholate on the
permeability of the rabbit CCT to '4C-inulin and '251-iothala-
mate. Leak rates for '4C-inulin were less than 0.5% under basal,
AVP-, CIPheScAMP- and sodium taurocholate (l0- and i0
M) stimulated conditions. By contrast, leak rates for 1251
iothalamate increased from less than 1.0% under basal condi-
tions to 3.2 0.8% (P < 0.05) and to 16.0 5.0% (P < 0.01)
following addition iO and l0 M sodium taurocholate, re-
spectively, to the bathing fluid.
Discussion
In the presence of liver disease, several products of normal
biliary excretion are retained within the body. Plasma bile acids
—
normally range from 1.2 M (fasting) to 5.0 jsM (post-prandial)60 [23—251. However, in cholestatic liver disease plasma bile acid
concentrations of 100 to 375 .tM have been observed [26, 27].
The present studies were carried out to determine the effect of
one bile acid, sodium taurocholate at l0- through 10 M on
CCT water transport.
The present studies were initially undertaken to test the
possibility that sodium taurocholate inhibits the hydroosmotic
response to AVP. We felt inhibition of Lp response to AVP
would be seen since sodium taurocholate inhibits salt and water
reabsorption in hamster jejunum [9], rabbit gastric mucosa [10],
and in rat proximal convoluted tubules microperfused in vivo
[16]. Moreover, sodium taurocholate appears capable of inhib-
iting Nat, K-ATPase activity [II, 28], activating protein
kinase C [29] and stimulating renal synthesis of prostaglandins
[30, 31]. Each of these effects would result in diminished Lp
associated with cell sloughing or observable changes in epithe-
hal morphology.
The effect of adding l0 M taurocholate to AVP- and
CIPheScAMP-stimulated Lp is in Figure 3 (Lp values before
addition of AVP or cAMP were 1.0 1.0 and 17 10 x l0
cm/atm. sec, respectively). Sodium taurocholate resulted in a
significant further increase in AVP- and CIPheScAMP-stimula-
ted Lp in each tubule. The effect of taurocholate to increase
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response to AVP [32—34]. Rather than finding inhibition of
AVP-stimulated Lp, we found that sodium taurocholate signif-
icantly increases basal and AVP-stimulated Lp. Moreover, the
hydroosmotic response to sodium taurocholate in perfused
rabbit CCT was similar in time course although somewhat less
in magnitude to that observed after a maximal concentration of
AVP. It should be noted, however, that our experiments were
carried out at 25°C. Our results therefore may not be valid at
more physiologic temperatures.
Several potential mechanisms may be invoked to explain the
effect of sodium taurocholate to increase basal and AVP- and
CIPheScAMP-stimulated CCT water permeability. Current con-
cepts suggest that AVP stimulates CCT AMP formation. Cyclic
AMP in turn activates a protein kinase which phosphorylates
target proteins, thereby rendering the CCT apical membrane
permeable to water. It is possible that sodium taurocholate
stimulates CCT AMP formation or inhibits its hydrolysis.
However, we found that sodium taurocholate significantly
increases CCT Lp response to a maximal concentration of AVP
and to supramaximal concentrations of a nonhydrolyzable
cyclic AMP analogue. Together, these observations suggest
that the effect of sodium taurocholate to increase CCT Lp
occurs, at least in part, independently of AMP formation and
hydrolysis.
It is possible that sodium taurocholate exerts a nonspecific
cytotoxic response, thereby rendering CCT cell apical mem-
branes and/or intercellular tight junctions more permeable to
water. In this regard, high concentrations of sodium taurocho-
late are capable of inducing disruption of tight junctions in rat
biliary duct [Ii], cat pancreatic duct [13], rabbit gastric mucosa
[10], and rat hepatocytes in culture [22]. In these studies.
disruption of intercellular tight junctions was associated with
transepithelial leak of radiolabelled sugars and dextrans [11, 13,
22]. In the present studies, we found that sodium taurocholate
induced a dose-dependent transtubular leak of '251-iothalamate
but not of the larger substance '4C-inulin. These observations
suggest the possibility that sodium taurocholate can increase Lp
via changes in intercellular tight junctions. However, our stud-
ies do not localize the precise site of solute and water leakiness
induced by sodium taurocholate to cellular or paracellular
pathways. Additional ultrastructural studies and physiologic
analyses (CCT electrical resistance) will, however, be neces-
sary to more definitively determine the state of CCT tight
junctions after exposure to sodium taurocholate.
It is also possible that sodium taurocholate alters CCT apical
membrane composition or structure, thereby rendering it more
permeable to water. In this regard, the sterol amphotericin B
acts to permeabilize that apical cell membrane in toad urinary
bladder, thus increasing Lp [35]. Sodium taurocholate is capa-
ble of changing the composition and permeability of artificial
liposomes [36]. In addition, sodium taurocholate can alter
plasma membrane phospholipid content and regulate sodium
and hydrogen ion flux across rat hepatocyte membranes and in
isolated rat hepatocyte membrane vesicles [10, 14, 151. Finally,
it is noteworthy that sodium taurocholate may stimulate gua-
nylate cyclase activity and cyclic GMP formation [37, 38]. We
have recently found that cyclic GMP can increase rabbit CCT
Lp [39]. Thus, if sodium taurocholate increases cGMP intracel-
lularly then this may be the mechanism of the increase in Lp
noted in these studies.
In summary, the present studies demonstrate that sodium
taurocholate exerts a significant effect to increase basal, AVP-
and AMP-stimulated Lp in the mammalian CCT. Our studies
suggest this hydroosmotic response to sodium taurocholate
occurs independently of either increased AMP formation or
decreased AMP hydrolysis. Further studies will be required to
determine the mechanism. In the context of recent studies
demonstrating that AVP stimulates hepatocyte release of tau-
rocholate [40], our studies suggest the presence of a hepato-
renal axis which acts through taurocholate to decrease renal
water elimination.
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